Objective: Prospective studies show that high C-reactive protein (CRP) levels predict diabetes and cardiovascular disease (CVD), but changes in this marker preceding disease onset are not well characterized. This study describes CRP trajectories prior to type 2 diabetes onset and fatal CVD. Methods: In a prospective cohort of 7350 British civil servants (70% male, mean age 51 years), 558 incident type 2 diabetes cases (75-g oral glucose tolerance test, doctor's diagnosis, or self-report) and 125 certified fatal cardiovascular events were observed during a median follow-up of O14 years. Trajectories of logarithmically transformed CRP levels prior to incident diabetes or fatal cardiovascular event (cases), or the end of follow-up (controls) were calculated using multilevel modeling. Results: Baseline CRP levels were higher among participants who developed diabetes (median (interquartile range) 1.44 (2.39) vs 0.78 (1.21) mg/l) or fatal CVD (1.49 (2.47) vs 0.84 (1.30) mg/l) compared with controls (both P!0.0001). In models adjusted for age, sex, body mass index, ethnicity, and employment grade, CRP levels increased with time among both incident diabetes cases and controls (P!0.0001), but this increase was less steep for cases group (P!0.05). CRP levels followed increasing linear trajectories in fatal cardiovascular cases and controls (P!0.0001) with no slope difference between the groups. Conclusions: CRP levels were higher among those who subsequently developed diabetes or died from CVD. For type 2 diabetes, age-related increase in CRP levels was less steep in the cases group than in controls, whereas for fatal CVD these trajectories were parallel.
Introduction
Prospective epidemiological studies show that elevated C-reactive protein (CRP) levels within the normal range predict the development of incident type 2 diabetes mellitus (DM; [1] [2] [3] [4] [5] [6] [7] [8] and cardiovascular disease (CVD) (9, 10) . The association between low-grade inflammation and obesity-related pathologies (metaflammation) suggests that low-grade inflammation may be 'common soil' for the development of type 2 diabetes and CVD (11) . However, it remains unclear whether CRP has an independent role in diabetes (1, 4, 6) or CVD (9, 10, 12) , as the initial associations showed considerable attenuation after adjustment for potential confounders in some studies, and Mendelian randomization studies, using common genetic variants linked to higher CRP levels as a way to reduce the problem of potential confounders and bias (13) , have not provided consistent support for a causal relation of CRP to diabetes (14) (15) (16) , or CVD outcomes (17) (18) (19) (20) . To increase the understanding of the role of CRP levels in the natural history of these diseases, we set out to describe the population trajectories of CRP levels (measured by a high sensitivity assay) in the years before the development of type 2 diabetes and before fatal CVD, comparing them with the CRP trajectories in controls.
Subjects and methods

Participants and design
Participants were from the Whitehall II study. All nonindustrial civil servants who were 35-55 years of age working in the London offices of 20 departments were invited to participate in this study; 10 308 participants (6895 men) were recruited between 1985 and 1988 (Phase 1) (21) . During Phase 3 of the study in 1991-1993, all participants known to be alive and in the country were invited to the screening clinic to undergo a 75-g oral glucose tolerance test (OGTT); 6058 men and 2758 women (85.5% of the original sample) attended the clinic. This was the first study phase where an OGTT and lipid profiles were assessed, and is therefore regarded as the baseline for these analyses. Screening was repeated during Phase 5 (1997 Phase 5 ( -1999 ; 5444 men and 2385 women participated) and Phase 7 (2003 Phase 7 ( -2004 ; 4894 men and 2074 women). Additional questionnaire-only phases assessed diabetes status during Phase 4 (1995 Phase 4 ( -1996 ; 5928 men and 2700 women), Phase 6 (2001; 5151 men and 2204 women), and Phase 8 (2006; 5017 men and 2156 women). The University College London ethics committee reviewed and approved the study, and written informed consent was obtained from each participant at each phase.
Measurements
C-reactive protein CRP was measured in serum stored at K80 8C using a high-sensitivity immunonephelometric assay in a BN ProSpec nephelometer (Dade Behring, Eschborn, Germany) using samples from Phase 3 and Phase 7 of the study. Values below the detection limit (0.154 mg/l, multiplied by 9524 in order to express the value in mmol/l) were assigned a value of 0.077 mg/l. Samples from both study phases that were 10 years apart were analyzed at the same time. Intra-and interassay coefficients of variation were 4.7 and 8.3% respectively. We excluded all observations with CRP level O10 mg/l to exclude cases of possible acute inflammation.
Diabetes Diabetes was defined by a fasting glucose R7.0 mmol/l or a 2 h postload glucose R11.1 mmol/l using a 75-g OGTT (22) . Venous blood samples were taken in the fasting state (R5 h of fasting) before undergoing a standard 2-h OGTT. Glucose was measured in fluoride plasma by an electrochemical glucose oxidase method. By the end of the median 14.1 (interquartile range (IQR) -3.0) years of diabetes follow-up, 558 incident diabetes cases had been identified: 261 were identified by 75-g OGTT at screening, and 297 were identified either by self-report of doctor diagnosis (nZ205) or by use of diabetic medication (nZ92).
Cardiovascular mortality Of the 10 308 participants at baseline, 99.9% (nZ10 297) have been followed up for mortality through the National Health Services Central Registry. Participants in the present study were followed for mortality up to 31st January 2008 or their date of death (nZ847), embarkation (nZ84), or deregistration with a health authority (nZ176). Registration of death within 5 days is a legal requirement in the UK, so participants who were not included in the above categories can be assumed to be alive. Death certificates were coded according to the 9th and 10th revisions of the International Classification of Disease (ICD) and were categorized as CVD for ICD-9 codes 340-459 or ICD-10 I00-I99, and non-CVD for all other codes. During the median 15.7 (IQR -0.7) years of mortality follow-up, altogether 125 cardiovascular and 305 non-cardiovascular deaths were registered.
Other covariates The following variables were considered as time-invariant covariates: sex, age at the end of follow-up, ethnicity, and civil service employment grade (as a marker of socio-economic position). These data were derived from Phase 3 or Phase 1 questionnaires. Ethnicity was coded in two categories (white and non-white), and employment grade was coded in three categories (administrative, executive and support). All other variables were assessed contemporaneously with CRP measurements and were coded as timevarying covariates. Body mass index (BMI, kg/m 2 ) was calculated from standardized measurements of weight and height. Systolic blood pressure was measured with the Hawksley random zero sphygmomanometer (Phase 3) and with an Omron HEM 907 (Phase 7); the measurement used was the average of two readings taken in the sitting position after 5 min rest. Total cholesterol and high-density lipoprotein (HDL)-cholesterol were measured within 72 h in serum stored at 4 8C using enzymatic colorimetric methods. Use of blood pressure lowering medication and lipid lowering medication was identified from questionnaire data. Cigarette smoking was categorized as current smoker/ non-smoker at the time of the CRP measurement. Self-reported leisure-time physical activity was categorized as vigorous (R1 h vigorous activity/week), moderate (R1 h moderate but !1 h vigorous activity/ week), and none/mild (!1 h vigorous or moderate activity/week). Dietary patterns were assessed via questions on the frequency of fruit and vegetable consumption, and the type of bread and milk consumed. A dietary score was then calculated and classified into three categories (unhealthy/moderately healthy/ healthy) as described previously (23) .
Statistical analysis
Statistical analyses were undertaken using SPSS 14.0 statistical software (SPSS Inc., Chicago, IL, USA), and statistical significance was inferred at a two-tailed P!0.05. Two separate sets of analyses were performed, one for incident diabetes and another for CVD death. For the incident diabetes outcome, we excluded nonresponders in Phase 3 (nZ1492), individuals with prevalent diabetes during Phase 3 (nZ42), with no follow-up data for incident diabetes (nZ552), with missing CRP values (nZ549), with elevated CRP values (CRPO10 mg/l, nZ90), or with any other missing covariates (nZ250), leaving a final analytical sample of 7333 subjects (71.1% of the original sample).
For fatal CVD outcome, we excluded non-responders during Phase 3 (nZ1492), participants with missing cause-specific mortality data (nZ17), with missing CRP values (nZ627), with elevated CRP values (CRPO10 mg/l, nZ105), or with any other missing covariates (nZ300). Thus, the final analytical sample for fatal CVD consisted of 7761 subjects (75.3% of the original sample).
Owing to the skewed distribution of CRP values, all analyses use log 2 -transformed CRP values. For each of our two outcomes, we divided participants into two groups separately: those who developed (cases) and those who did not develop (the controls) the outcome of interest (incident diabetes or CVD death) during the follow-up. We centered time around the date of event for cases and at the last screening or questionnaire phase for controls. Participants were then tracked backwards to the first clinical screening when a CRP measurement was obtained. For example, a participant who reported diagnosed diabetes during Phase 8 has his time 0 at the midpoint of Phase 7 and Phase 8 (estimated time of diagnosis), and has two CRP measurements: one during Phase 7, approximately -1 year to the event and another during Phase 3, approximately -11 years to event. As indicated in the tables associated with Fig. 1 , the CRP measurements were well distributed throughout the 14-year time window of the study (i.e. at screening dates or between the screenings).
We used multilevel longitudinal modeling to estimate CRP trajectories (24) . Data were structured so that measurement times (observations) were nested within subjects, and the non-independence of the observations (the same individuals contributed to more than one observation in the dataset) was taken into account in estimating S.E.M. Differences in CRP trajectories between cases and controls were modeled using a linear growth model with two steps of adjustment for covariates. First, we adjusted for age at the end of follow-up, sex, ethnicity, civil service grade (all time-invariant covariates), and BMI (a time-varying covariate). Secondly, we adjusted for systolic blood pressure, use of blood pressure lowering medication, total and HDL-cholesterol, use of lipid lowering medication, smoking, leisure-time physical activity, and dietary patterns (all time-varying covariates). Finally, we conducted sensitivity analyses (adjusted for age at the end of follow-up, sex, ethnicity, civil service grade, and BMI) including only participants with exactly two CRP measurements before the end of follow-up.
For time-invariant covariates, we checked for main effects and their interaction with time, and retained only the covariates leading to the most parsimonious model (sex as main effect, ethnicity! time interaction for DM and CVD mortality) and the lowest information criteria. We also tested for possible three-way interactions between the time-invariant covariates in order to exclude heterogeneity in the CRP trajectories; all these interaction terms were nonsignificant at PO0.05 and were therefore deleted from the models. Time-varying covariates were entered into the models only as main effects.
At each step of adjustment, caseness of interest (incident diabetes or CVD death) was entered into the model as a main effect to examine whether cases differed from controls in average levels of CRP. We examined CRP trajectories over time by entering the interaction term between time and caseness into the model. 
Results
The 558 incident diabetic cases provided a total of 739 CRP measurements (377 subjects with one measurement and 181 with two measurements). For the 6775 controls, the corresponding number was 11 225 measurements (2325 subjects with one measurement and 4450 with two measurements). As expected, incident diabetes cases were older, more frequently from ethnic minorities, more likely to be smokers and followed an unhealthy dietary pattern, less physically active, from lower employment grades, and on antihypertensive medication. They also had higher BMI, systolic blood pressure, total cholesterol and CRP, and lower HDLcholesterol values at baseline (all P!0.05; Table 1 ).
The 125 cases of fatal CVD provided a total of 147 CRP measurements (103 subjects with one visit and 22 with two visits). For the 7636 controls, the corresponding number was 12 568 measurements (2704 subjects with one visit and 4932 with two visits). Fatal CVD cases showed similar differences compared with controls and incident diabetes cases except that they were more likely to be men (P!0.05), and were not significantly different from controls regarding civil service grade and physical activity (PO0.05; Table 1 ).
CRP trajectories in incident diabetes cases before diagnosis
Analysis adjusted for demographic covariates and BMI showed a convergence of the log-transformed CRP trajectories for incident diabetes cases and controls with a significant time!event interaction (K0.016 (S.E.M. 0.008) log 2 (mg/l)/year), indicating significantly different slopes among cases and controls. The difference in CRP level was smallest at the end of follow-up: 0.17 (S.E.M. 0.08) log 2 (mg/l) compared with 0.41 (S.E.M. 0.09) log 2 (mg/l) 14 years earlier. After further adjustment for systolic blood pressure, use of antihypertensive and lipid lowering medication, blood lipids and lifestyle characteristics, the difference at the end of follow-up became non-significant, while the time!event interaction remained significant: K0.017 (S.E.M. 0.006) log 2 (mg/l)/year). The sensitivity analysis on 181 cases and 4450 controls with two measurements of CRP confirmed a narrowing difference in the log-transformed CRP levels between cases and non-cases during follow-up (Table 2 ). When the CRP values were back transformed, these models translated to converging CRP trajectories for incident diabetes cases and controls over the time window of the study (Fig. 1) .
CRP trajectories in fatal CVD cases
The trajectories of log-transformed CRP for fatal CVD cases and controls, adjusted for demographic covariates and BMI, were parallel without any significant time!event interaction. The mean difference during the follow-up between the log 2 -transformed CRP of cases and controls was 0.46 (S.E.M. 0.12) log 2 (mg/l), highly significant throughout the follow-up period. After further adjustment for systolic blood pressure, use of antihypertensive and lipid lowering medication, blood lipids and lifestyle characteristics, the time!event interaction remained non-significant, and the mean difference attenuated to 0.20 (S.E.M. 0.12) log 2 (mg/l). The sensitivity analysis on 22 cases and 4932 non-cases with two examinations of CRP replicated the parallel trajectories of log-transformed CRP levels between cases and non-cases during follow-up (Table 2) . When the CRP values were back transformed, these models provided some evidence for divergence in CRP trajectories for fatal CVD cases and controls, although the 95% confidence intervals were overlapping in the fully adjusted models (Fig. 1) .
Discussion
In this prospective cohort study of a middle-aged population, we observed elevated baseline CRP levels in people who developed type 2 diabetes or died from CVD. Logarithmically transformed serum CRP values increased less steeply over time among those who developed diabetes compared with controls, leading to a smaller CRP difference at the time of diagnosis compared with the previous years. In contrast, logtransformed CRP levels followed parallel increasing linear trajectories among both CVD cases and controls.
Adjustment for potential confounders significantly attenuated the CRP differences between cases and controls for both diabetes and fatal CVD. However, it did not alter the slope difference observed between incident diabetes cases and controls.
To our knowledge, this is the first study to describe population-based trajectories of CRP levels leading up to the diagnosis of diabetes or a fatal CVD event in a large community-dwelling population. Our findings confirm previous reports that the effect of CRP on diabetes onset is markedly attenuated after adjustment for other risk factors (1, 3, 5 ). In addition, we extend existing knowledge with the observation that the CRP trajectory prior to diabetes onset is characterized by a higher level of inflammation at baseline rather than a rapidly increasing level of CRP.
Several previous studies report that adjusting for obesity substantially attenuates the association of CRP with diabetes, and some studies suggest that it may even remove the association altogether (1, 3, 5) . Other components or markers of the metabolic syndrome (i.e. hypertension, dyslipidemia, glucose intolerance, liver functions, and decreased adiponectin) have also been reported to substantially attenuate the CRP-diabetes relationship (5) . In concurrence with previous work, our study confirms that the high CRP levels associated with diabetes are substantially attenuated by adjustment for lipids, blood pressure, and lifestyle characteristics.
Our observations of decreasing differences in CRP levels between diabetes cases and controls do not negate a potential causal role for inflammation in the pathogenesis of diabetes. CRP might be a marker for diabetic risk factors that are present many years before the onset of diabetes, or it may be a marker for aging or other risk factors. It is also possible that CRP is a marker for an antidiabetic effect that is incrementally exhausted before diagnosis of diabetes. Other inflammatory pathways and antiinflammatory responses may be of importance in determining the risk of diabetes, as shown recently by our group (25) .
The observation of elevated CRP levels and diverging CRP trajectories prior to fatal CVD confirms the validity of the multilevel model used. The temporal relationship between elevated CRP and cardiovascular outcomes including fatal cardiovascular events is well established. The Reykjavik study and a joint meta-analysis found elevated CRP values to be independently associated with later CVD events, but the authors found that 'classical' cardiovascular risk factors attenuated the association partly but not completely (9) . Similarly, associations have been reported between baseline CRP levels and later fatal cardiovascular events in several populationbased observational studies, with more pronounced associations among the elderly (12) .
This longitudinal approach provides an important complementary method to examine the natural history of disease development. The current study also benefits from a well-characterized, well-described cohort, and diagnosis of incident diabetes based largely on OGTT (21, 22) . We applied a sophisticated approach to data analysis taking into account the interrelationship between repeated measurements from the same individual at different time points. The median follow-up time of over 10 years provided a unique opportunity to investigate the changes in CRP levels preceding diabetes and fatal CVD, and to detect a clear difference in the development of CRP levels prior to these two endpoints. We treated obesity, blood pressure, blood lipids, medications, and lifestyle measurements as timevarying variables to adjust for their baseline values and to take into account their changes during the observation period. Thus, it is unlikely that the converging CRP trajectories before diabetes development would be attributable to lifestyle changes among participants with an elevated risk for diabetes, although considerable evidence shows that medications and lifestyle interventions could decrease CRP levels in the population (25) (26) (27) (28) (29) . The converging findings in our main and our sensitivity analyses suggest that missing data are an unlikely source of bias in this study. However, although multilevel modeling enabled determination of CRP trajectories at a population level, with a maximum of two measurement points per person, we were unable to investigate individual trajectories or describe the exact shape of the population growth curves. The relatively low number of cases with repeated measures is also a potential drawback of the current analysis. Finally, due to the occupational and largely White nature of the study population, further research is needed to examine whether our results are generalizable to other populations.
In conclusion, this study provides novel evidence on changes in CRP before the onset of diabetes and a fatal cardiovascular event. We observed the CRP trajectory prior to diabetes onset to be characterized by a higher level of inflammation at baseline rather than a rapidly increasing level of CRP. This finding is congruent with the notion that elevated CRP levels are associated with diabetes, but argues against the notion that rapidly increasing inflammation characterizes the years preceding disease onset.
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